ABSTRACT Robertsonian rearrangements demonstrate one-break chromosome rearrangement and the reversible appearance and disappearance of telomeres and centromeres. Such events are quite discordant with classical cytogenetic theories, which assume all chromosome rearrangements to require at least two breaks and consider centromeres and telomeres as immutable structures rather than structures determined by mutable DNA sequences. Cytogenetic data from spontaneous and induced telomere-telomere fusions in mammals sup ort a molecular model of terminal DNA synthesis in which all ttelomeres are similar and recombine before replication and subsequent separation. This, along with evidence for a hypothetical DNA sequence, the kinetochore organizer, readily explains latent telomeres, latent centromeres, and re- Robertsonian rearrangements between rod chromosomes ( Fig. 1 upper) to produce metacentric biarmed chromosomes (Fig. 1 lower) are a common mechanism of karyotype evolution and occur spontaneously at an appreciable frequency in mammalian tissue culture (5) or even in the somatic tissue of certain fish (6). Reciprocal translocations (Fig. la) are consistent with Muller's rules. The reverse exchanges, Robertsonian fission of a metacentric into two rod chromosomes, have been observed, and some ( Fig. 1 b and c) appear as one-break rearrangements which do not require a centric fragment to supply a new centromere and telomeres to the new chromosomes (5, 7, 8) . In addition, Robertsonian metacentrics generally possess twice the centric structure of rod chromosomes (7-10). In the grasshopper Neopodismopsis, Moens' (11) electron micrographs showed this doubled "knob"-like structure to be penetrated by twice as many microtubules as the single centric knob of rod chromosomes. Thus, a metacentric's centric region often appears doubled and capable of splitting by fission, each half becoming a functional centromere (8, 10).
ABSTRACT Robertsonian rearrangements demonstrate one-break chromosome rearrangement and the reversible appearance and disappearance of telomeres and centromeres. Such events are quite discordant with classical cytogenetic theories, which assume all chromosome rearrangements to require at least two breaks and consider centromeres and telomeres as immutable structures rather than structures determined by mutable DNA sequences. Cytogenetic data from spontaneous and induced telomere-telomere fusions in mammals sup ort a molecular model of terminal DNA synthesis in which all ttelomeres are similar and recombine before replication and subsequent separation. This, along with evidence for a hypothetical DNA sequence, the kinetochore organizer, readily explains latent telomeres, latent centromeres, and reversible (one-break) Robertsonian rearrangements. A second model, involving simply recombination between like satellite DNA sequences on different chromosomes, explains not only how one satellite can simultaneously evolve on different chromosomes, but also why satellite DNA is usually located near centromeres or telomeres and why it maintains a preferred orientation with respect to the centromere.
Robertsonian rearrangement, telomeres, and centromeres
The most easily observed features of a chromosome are its ends (telomeres) and its primary constriction (centromere). Broken chromosome ends, as caused by x-rays or stretching on the spindle, show a capacity for fusion; they behave as if sticky (1) in that they fuse with themselves but not with natural ends (telomeres). McClintock (2) showed that after chromosomes with two broken ends fused, resulting dicentrics were unstable; the two centromeres would often separate to opposite spindle poles and break the chromatid. Muller (1) then formulated two rules of chromosome structure and mechanics. (i) All viable chromosome rearrangements require at least two breaks with subsequent rejoining of the broken ends. (ii) Rearranged chromosomes must have exactly two telomeres (organelles located at the ends) and one centromere (an internal organelle) to be mechanically stable.
Robertsonian rearrangements between rod chromosomes ( Fig. 1 upper) to produce metacentric biarmed chromosomes ( Fig. 1 lower) are a common mechanism of karyotype evolution and occur spontaneously at an appreciable frequency in mammalian tissue culture (5) or even in the somatic tissue of certain fish (6) . Reciprocal translocations (Fig. la) are consistent with Muller's rules. The reverse exchanges, Robertsonian fission of a metacentric into two rod chromosomes, have been observed, and some ( Fig. 1 b and c) appear as one-break rearrangements which do not require a centric fragment to supply a new centromere and telomeres to the new chromosomes (5, 7, 8) . In addition, Robertsonian metacentrics generally possess twice the centric structure of rod chromosomes (7) (8) (9) (10) . In the grasshopper Neopodismopsis, Moens' (11) electron micrographs showed this doubled "knob"-like structure to be penetrated by twice as many microtubules as the single centric knob of rod chromosomes. Thus, a metacentric's centric region often appears doubled and capable of splitting by fission, each half becoming a functional centromere (8, 10) .
Robertsonian rearrangements, especially the fissions, reveal the inadequacy of Muller's rules, especially his concept of centromeres and telomeres as immutable structures (1), and imply some or all of the following: (i) dicentrics can be stable; (ii) fissions can result from one-break rearrangements; (iii) centromeres and telomeres can reversibly appear and disappear; and (iv) centromeres and telomeres can be terminal coincident structures.
Dicentrics can be stable, showing parallel chromatid separation when the two centromeres are close together. Hair (12) observed an isodicentric through many vegetative generations in the plant Agropyron. The original dicentric was unstable at mitosis; criss-cross and interlocking separation produced a breakage-fusion cycle that resulted in shorter intercentric distances. Dicentrics with short intercentric regions, however, were mitotically stable, both centromeres on one chromatid separating to the same pole. Dicentrics can also be stable when one centromere is latent (see review, ref. 13 ). In humans, most Robertsonian metacentrics are dicentric (14) in that they show pericentric heterochromatin from both parental chromosomes; however, one of the centromeres is often inactive in that it does not produce a secondary constriction and region of tight sister-chromatid pairing (15) . In one t(7:15)(p21;p1l), the Cbanding pericentric heterochromatin of chromosome 15 identified the second centric region, but this centromere exhibited neither a primary constriction nor tight sister-chromatid pairing and did not Cd band (16) . One interpretation of these data is that a four-break rearrangement occurred, producing a translocation with simultaneous deletion of a centromere. In accord with Hsu et The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. The centromere and kinetochore organizer The active localized centromere of mitotic biarmed chromosomes appears, by light microscopy, as a negatively heteropycnotic constriction (primary constriction) that moves first to the spindle poles during anaphase and is necessary for disjunction of sister chromatids. This region stains by the Cdbanding technique (3) and morphologically is a DNA-containing, bipartite, reverse-repeat structure of several chromomeres flanked by regions of tight sister-chromatid pairing (18) . In formalin-fixed electron microscopic sections of both plants and animals, the centromere appears not so much as a constriction, but as a region of lightly staining, thin chromatin fibers (19) in which each sister chromatid possesses a kinetochore plate (20) [pair of kinetochore filaments (19) ]. Spindle microtubules penetrate the plate (20) and the plate itself is capable of catalyzing tubulin polymerization (21, 22) .
The kinetochore plate is the site of spindle attachment and microtubule polymerization and reflects centromeric activity. It probably also induces the ancillary attributes of an active centromere, including primary constriction, pericentric regions of tight sister-chromatid pairing, and Cd banding. Brinkley and Stubblefield (19) proposed the kinetochore to be a specialized gene, much like the nucleolus organizer defined by McClintock (23), because it contains DNA (18), segregates with the chromatids, and is activated at a specific (mitosis) stage of the cell cycle. We shall call this gene a kinetochore organizer (KO). Just as the nucleolus organizer can be separated from the structural 18S and 25S rRNA genes whose product it organizes (24), the KO need not contain the genes coding for kinetochore-plate proteins, but the KO must organize plate proteins into a functional structure when it is activated. We propose only one additional property of the KO to make it consistent with cytological data (ref. 13 ; Fig. 1 ): the KO can be permanently inactivated by rearrangement. Thus, a visible centromere reflects an active KO and a latent centromere, an inactive KO. Viable chromosomes must have at least one active KO for proper disjunction of sister chromatids. Telomere replication The chromatid contains one double-stranded DNA helix (25) , the termini of which are probably included in its two telomeres. DNA termini cannot be replicated by conventional means because digestion of the terminal RNA primer leaves a 5' gap ( (26) . If telomeres are complementary as in T7 phage (26) , complementary gaps could base pair, forming concatameric telomere fusions, which, being endless, are able to be replicated. Alternatively, ligation and staggered nicking (not shown) of the fused junction could convert it into a pair of replicable 3' gaps (27) . (b) Bateman (28) assumed the telomere to be a covalently closed hairpin, making it different from a "sticky" broken end. Replication generates a palindrome that is nicked by a restriction endonuclease, refolded, and ligated. (c) A fusion-before-replication model. All telomeres are identical, covalently closed, and contain a large, repeated sequence, the basic unit of which is represented by the letters A and T. Two telomeres recombine, forming a Holliday (29) structure, which, after ligation, has no ends and is therefore able to be replicated. Newly Okasaki terminal dilemma for eukaryotic telomeres have been proposed (26) (27) (28) 30) , and representatives are shown (Fig. 2 a  and b) . To explain cytogenetic data, we proposed that the telomeres must fuse pairwise before replication (31, 32) . The most reasonable molecular model (Fig. 2c ) required all telomeres in a cell to recombine via common sequences before replication and is consistent with Rubin's (33) cloning of a 12-kilobase DNA sequence, four tandem repeats of a 3-kilobase sequence, which hybridized in situ to all Drosophila melanogaster telomeres and to the ectopic strands that connect them, and with Forte's and Fangman's (34) discovery that yeast (Saccharomyces cerevisiae) telomeres are covalently closed hairpins.
Eukaryotic chromosomes, in some special instances, appear fused end to end, and in rare extreme cases the entire genome appears as a giant ring of fused chromosomes (35) (36) (37) . White (38) inferred that telomere base-sequence homology caused occasional end-to-end associations of meiotic chromosomes. We extended this concept of homology by interpreting mitotic associations as replication intermediates (31, 32 Fig. 2c does not cut efficiently in that many chromosomes are seen permanently fused end to end at the first mitoses after fusion. The fused configurations predicted by other replication models (Fig. 2 a and b) were not seen. Instead, sister telomeres were fused to another pair of sister telomeres (Fig. 2c) , as is consistent with telomere fusions occurring before replication. Random telomere pairs were fused; all telomeres were similar in their fusion potential (39, 40) and not composed of complementary pairs as in a concatameric fusion process (26) (Fig. 2a) . BrdUrd pulse labeling indicated that the chromatin at the fusion junction of Thiberge-Weissenbach lymphocyte chromosomes replicated very early in the S phase preceding mitotic fusion (40) . This suggests that in normal cells, telomere-telomere fusion is a temporary event occurring in early S phase and would not be detected in asynchronous cultures by either viscometric DNA molecular weight analyses (25) or by psoralin crosslinking (41) to reveal the cloverleaf-shaped Holliday intermediate of Fig. 2c. Fig. 3a- (Fig. 2c) (Fig. 2c ) that are latent telomeres (27) . Activation of a latent telomere would appear cytogenetically as a one-break rearrangement, generating two telomeres, and would violate Muller's (1) rules. Robertsonian fusion would be a special case of telomere-telomere fusion, involving the centric ends of two rod chromosomes. In the molecular model (Fig. 2c) , a mutation in a terminal hairpin sequence could prevent recognition by the restriction endonuclease of the replication intermediate's palindrome (Fig. 2c) (Fig. 8a) . Cytologists found this by using bromodeoxyuridine's quenching of fluorescent dyes. They followed the T-rich satellite strands during a few generations (Fig.  4b) . Similarly, if fusion of telocentrics brought two KOs close together so that the plates they organized overlapped (Fig. 4b) (Fig. 2c) , or permanent, as in Robertsonian fissionfusion (b and c). Satellite and Rubin sequences maintain a constant relative orientation; thus, telomere-telomere fusions produce the contralateral symmetry of pericentric satellite observed in mouse metacentrics (Fig. 3a) . In c, the kinetochore plates do not cover the ends of the acrocentrics and show a doubled nature in the fused metadicentric.
the fusion product would have one centromere, one centromere and two telomeres having disappeared during the fusion. This would also explain why the centromere of Robertsonian metacentrics often shows a doubled nature (7) (8) (9) (10) (11) . Fig. 4 
